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High-resolution transmission electron microscopy (HRTEM) in conjunction with autocorrelation function (ACF) analysis have been
applied to investigate the evolution of structural order in iron ion-implanted amorphous silicon layers. h-FeSi2 nanocrystallites as small as 5
nm in size were detected in 600 jC annealed for 60 min a-Si layers. The embedded nanocrystalline h-FeSi2 was found to grow in the
interlayer with annealing temperature.
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In ultralarge-scale integrated circuits fabrication, shallow
junction formation has long been one of the major chal-
lenges [1]. Among semiconducting silicides, semiconduct-
ing iron disilicide h-FeSi2 is considered to be a promising
candidate material for device applications. Optical and
electronic spectroscopic measurements [2] and band struc-
ture calculations [3] have indicated that h-FeSi2 has a direct
band gap of about 0.85 eV (1.46 Am), which is near the
absorption minimum of silica optical fibers. Furthermore,
due to the large refractive index of h-FeSi2 [4] compared to
Si, the h-FeSi2/Si double heterostructure is of much interest
for fabricating light emitting devices.
h-FeSi2 can be grown on a-Si/Si interlayer using a
variety of techniques such as the thermal reaction method
[i.e., deposition of Fe on a-Si substrate at room temperature
(RT) with subsequent annealing] [5,6], reactive deposition
epitaxy (RDE; deposition of Fe on a hot Si substrate) [7],
molecular beam epitaxy (MBE; codeposition of Fe and Si in
stoichiometric proportion) [8], gas source MBE and ion
beam synthesis (IBS) [9–12]. IBS usually involves a high-
dose ion implantation step followed by high-temperature
annealing. During Fe ion implantation, heavy damage
results. In general, the degree of the amorphization in silicon
substrate is related to both the dose and the energy of ion0040-6090/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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Fe+ preamorphized Si layers shall significantly influence the
formation of h-FeSi2. It is of much interest to determine the
structure of Fe+-implanted samples. Solid-state amorphiza-
tion is prevalent in many metal/Si systems [14,15]. Al-
though a variety of methods have been applied to analyze
the noncrystalline films, a definitive structure of amorphous
semiconductor thin films remains to be clarified [16–19].
Our method, autocorrelation function (ACF) analysis is a
statistical analysis of the scanned high-resolution transmis-
sion electron microscope (HRTEM) images in real space.
The ACF is equivalent to a two-dimensional form of the
Patterson function, well known in X-ray crystallography
[20,21]. In previous studies, the ACF analysis has been
successfully applied to determine the formation of embed-Fig. 1. TRIM profile of 70 keV Fe+-implanted Si to a dose of 51016 cm2.
Fig. 2. (a) TEM image of an as-implanted sample; (b) HRTEM image of
outlined region B in panel (a); (c) ACF-processed images of the outlined
regions in panel (b); and (d) schematic diagram of the distribution of phases
formed.
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interlayer) of the metal/Si systems [22–24]. The results
clearly demonstrated the usefulness of the ACF analysis in
investigating the structure of amorphous thin films. In the
present study, autocorrelation function analysis of the initi-
ation phase formation in iron ion-implanted amorphous
silicon layers by HRTEM in conjunction with ACF analysis
has been carried out.Fig. 3. (a) Cross-sectional TEM image of Fe+-implanted sample annealed at 42. Experimental
Single crystal, 8 in. p-type (001)Si wafers were used in
the present study. A high current implanter of model
GSDIII/LED manufactured by Axcelis was used to implant
Fe+ ions. Following a standard cleaning procedure, (001)Si
wafers were implanted by 70 keV Fe+ to a dose of 51016
cm2. The projected ranges (Rp) and stragglings (DRp) for
70 keV Fe+ were calculated to be about 59.3 and 21.6 nm,
respectively, using TRIM98 program [25]. The TRIM
profile is shown in Fig. 1. The tilt/twist angles for all
implants were kept to be zero. Heat treatments were carried
out in a rapid thermal annealing apparatus at 400–800 jC
for 60 min in high purity N2 ambient.
The samples for TEM observation were prepared by
grinding and ion milling with a cold stage. Specimens were
examined using a JEOL 4000EX TEM operating at 400 keV
with a point-to-point resolution of 0.18 nm. Most of the
cross-sectional TEM (XTEM) micrographs were taken
along the [110] zone axis of single-crystal Si. The ACF
analysis was conducted on templates of 11 nm2 in size
from the scanned HRTEM images. Image simulation based
on multislice methods was executed by the software MAC-
TEMPAS to unambiguously determine the thickness of
cross-sectional TEM specimens [26].3. Results and discussion
Amorphous Si layers were found to form at the surface of
the Fe+-implanted samples. An example is shown in Fig. 2a.
No Si crystallites were detected directly in the amorphous
surface layers of the as-implanted samples. However, em-
bedded Fe5Si3 and Fe3Si were observed in the ACF images
of outlined regions in the HRTEM micrographs as shown in
Fig. 2b and c. The cross-hatch patterns were found to match
well with the atomic structures of Si from both interplanar
spacing and angle measurements. A schematic diagram of
the distribution of phases formed is shown in Fig. 2d. The00 jC and (b) schematic diagram of the distribution of phases formed.
Fig. 4. (a) Cross-sectional TEM image of Fe+-implanted sample annealed at 500 jC and (b) schematic diagram of the distribution of phases formed.
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metal/Si systems, silicides are absent in the as-deposited
samples. Energetic ion implant is thought to provide the
driving force for silicide formation during ion implantation.
Fig. 3 shows a cross-sectional TEM image of Fe+-
implanted sample annealed at 400 jC. A two-layer structure
was found to form on Si substrate. No Fe–Si compound
crystallites were detected in the amorphous surface layers by
direct imaging method. On the other hand, embedded Si,
Fe5Si3 and Fe3Si nanocrystallites were found to be present
from the ACF images of outlined regions. A schematic
diagram is shown in Fig. 3b. The concentration of Fe atoms
in the surface amorphous layer is close to a Gaussian
distribution. The result indicates that nanocrystallites of
Fe-rich phase Fe3Si were located mostly in the middle of
a-Si surface layer as seen in Fig. 3a and b. On the other
hand, Fe5Si3 crystallites were distributed above the a-Si/c-Si
interlayer and near the upper a-Si surface layer. A small
amount of Si nanocystallite was found at upper and lower
layers in the amorphous Si layer.
Fig. 4a is a cross-sectional TEM image of Fe+-implanted
sample annealed at 500 jC. The a-Si/c-Si interface was also
rather smooth. No precipitates were observed to be presentFig. 5. (a) Cross-sectional TEM image of Fe+-implanted sample annealed at 6at the interface. However, a high density of crystalline
defects was present. FeSi nanocrystallites were observed
near the a-Si/c-Si interface and upper a-Si surface layer. The
high density of Fe5Si3 was found to distribute in the middle
of the surface amorphous Si layer. A schematic diagram is
shown in Fig. 4b.
The distribution of Fe5Si3 and FeSi in and away from the
middle of implanted layer, respectively, indicates that the
silicide formation is not dictated by Fe concentration alone.
Other factors, such as the presence of crystalline defects
may influence the silicide formation. Murakami et al. [27]
discussed that phase transition to h-FeSi2 is enhanced by
atomic arrangement induced during annihilation of excess
vacancies from ion beam irradiation. Furthermore, amorph-
ization of the Si substrate, in addition to atomic mixing at
the Fe/Si interface, enhanced the formation of h-FeSi2 [28].
The embedded Si nanocrystallites in the amorphous surface
layers were found to diminish with the increase of annealing
temperature. The decrease of the Si nanocrystallite density is
attributed to the tendency of embedded nanocrystallites to
dissolve in the amorphous layer to lower the free energy
[29]. The number of nanocrystallites in samples annealed at
500 jC is lower than those at 400 jC.00 jC and (b) schematic diagram of the distribution of phases formed.
Fig. 6. (a) Cross-sectional TEM image of Fe+-implanted sample annealed at 700 jC and (b) schematic diagram of the distribution of phases formed.
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growth (SPEG) of the a-Si layer occurred at the implanted a-
Si layer and crystalline Si interface. Small precipitates with
diameters of less than 5 nm are shown in Fig. 5a. The
thickness of amorphous Si layer was found to decrease to 20
nm. The h-FeSi2 crystallites were observed at the a-Si/c-Si
interface. The Fe5Si3 nanocrystallites were still observed.
The FeSi phase was found between h-FeSi2 nanocrystal-
lites. The dimension of upper h-FeSi2 was smaller than 5
nm at a-Si/c-Si interface. A schematic diagram is shown in
Fig. 5b.
In 700 jC annealed samples, the thickness of a-Si layer
above the h-FeSi2 nanocrystallites is about 20 nm, thinner
than that annealed at 600 jC. The recrystallization kinetics
of implanted amorphous Si depends on the sample orienta-
tion [30] and on the nature and amount of the implantedFig. 7. Schematic diagram of the distribution of phases formed in a sample
annealed at 800 jC.impurity [31]. Phenomenological models of SPEG have
been proposed and found to be successful in providing an
explanation for the growth kinetics [32]. The presence of Fe
atoms might retard the SPEG in a-Si. As a result, the
amorphous Si layer above the h-FeSi2 remains after 700
jC, 60 min annealing. An example is shown in Fig. 6a.
Only embedded h-FeSi2 nanocrystallites were evident in the
remaining amorphous surface layers in HRTEM images.
The growth of epitaxial h-FeSi2 at the a-Si/c-Si interface
was observed. The size of the h-FeSi2 is larger than 15 nm
as shown in Fig. 6b. The interface between epitaxial and c-
Si became rather uneven. The defects at the interface are of
lower density than those in as-implanted samples. Fig. 7
shows XTEM image for a sample annealed at 800 jC. The
size of h-FeSi2 nanocrystallites is larger than 40 nm. The
growth direction of h-FeSi2 is from the a-Si/c-Si interface
toward the a-Si layer. The crystalline h-FeSi2 forms a
continuous layer at the a-Si/c-Si interface. The h-FeSi2
crystallites were large enough to be observed directly.
For samples annealed at 600 jC or higher temperature,
SPEG of the a-Si layer occurred at the implanted a-Si/Si
substrate interface. The phase formation in implanted amor-
phous regions after annealing at different temperature was
determined by HRTEM in conjunction with the ACF
analysis. The results may be exploited to adjust the anneal-
ing condition to form desired h-FeSi2 nanocrystallites for
optical applications.4. Conclusions
Fe+-implanted a-Si thin films after annealing at different
temperatures have been investigated by the autocorrelation
function (ACF) analysis in conjunction with the HRTEM.
The embedded nanocrystallites, such as Si, Fe3Si, Fe5Si3
and FeSi nanocrystallites, were found to be present from the
ACF images. The h-FeSi2 nanocrystallites as small as 5 nm
in size were detected at the a-Si/c-Si interface in 600 jC
annealed sample. The sizes of the h-FeSi2 crystallites is
T.H. Yang et al. / Thin Solid Films 461 (2004) 126–130130larger than 15 and 40 nm in samples annealed at 700 and
800 jC, respectively. The results may be used to adjust the
annealing conditions for forming h-FeSi2 nanocrystallites of
desired size for optical applications.Acknowledgements
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